soxR governs a superoxide response regulon that contains the genes for endonuclease IV, Mn2+-superoxide dismutase, and glucose 6-phosphate dehydrogenase. The soxR gene encodes a 17-kDa protein; some mutations of this gene cause constitutive overexpression of the regulon. Induction by paraquat (methyl viologen) requires both soxR and a new gene, soxS. soxS is adjacent to soxR, it encodes a 13-kDa protein, and it is required for paraquat resistance. These functions were revealed by studies in which the sequence of the 1.1-kb soxR-soxS region was determined, the 5' ends of the mRNAs were mapped, and complementation tests were performed with soxRS plasmids containing deletions of known sequence. The two genes are divergently transcribed, and the transcripts overlap. The soxS promoter is within the 85-nucleotide intergenic region, whereas the soxR promoter is within soxS. soxS mRNA increases after induction. Both protein products have possible DNA-binding (helix-turn-helix) domains. SoxR contains four cysteines (CX2CXCX5C) that might be part of a sensor region. SoxS shows 17 to 31 % homology to the C-terminal portions of members of the AraC family of positive regulators.
Bacteria undergo specific multigene global responses upon exposure to noxious stimuli or to new nutrient environments (30) . The responses are largely mediated by regulons, groups of genes and operons under common control. The means of control are diverse and sometimes elaborate. They may involve new transcriptional activators or repressors, proteolytic cleavage or other posttranslational modifications, positive or negative feedback loops, and regulatory cascades. These pathways provide new models for understanding multigene regulation in all organisms. This study deals with a regulon governing part of the response of Escherichia coli K-12 to superoxide.
Superoxide anion radicals are generated during normal aerobic metabolism by the incidental autooxidation of respiratory chain coenzymes. Some one-electron redox reagents like paraquat (methyl viologen) may also generate superoxide via redox cycling in vivo. Upon exposure to such compounds, E. coli increases the synthesis of about 40 proteins (21, 47) . Nine of these proteins are produced by a regulon controlled by soxR, a gene located at 92 min on the linkage map (22, 46) . The gene products known to be governed by soxR include the DNA repair enzyme endonuclease IV, glucose 6-phosphate dehydrogenase, Mn2+-superoxide dismutase, paraquat diaphorase, a modified ribosomal protein, and an antisense inhibitor of ompF, the gene coding for a major porin. soxR was identified through mutants obtained in two laboratories by independent means, namely, by looking for mutations affecting nfo (endonuclease IV) gene expression (46) or for mutations increasing resistance to superoxide generators (22) .
In previous work, we found that soxR plasmids expressed a 17-kDa protein that was altered by mutations that caused a constitutive overexpression of the regulon (46) . soxR was defined as the structural gene for this protein. However, the plasmids also contained a divergently transcribed gene encoding a 13-kDa polypeptide, the production of which was eliminated by some mutations affecting soxR complementa-tion. Because the transcripts of the divergent genes might overlap, we did not know whether the 13-kDa product was also a regulatory protein or whether a mutation in its gene was primarily affecting transcription of soxR (46, 51) . In this study, we resolve this question. Through DNA sequencing, mRNA mapping, and complementation analysis with sequenced deletions, we show that the 13-kDa SoxS protein is required together with SoxR for induction of the regulon and that SoxS is structurally similar to some known transcriptional activators.
MATERIALS AND METHODS
Media and reagents. TY medium (52) was used for routine bacterial growth and 2x YT medium (35) was used for propagation of M13 phages. Reagents used in generating M13 deletions (15) were obtained from International Biotechnologies, and reagents used in DNA sequencing (Sequenase 2.0) were from U.S. Biochemicals. Avian myeloblastosis virus reverse transcriptase was obtained from Boehringer-Mannheim. Oligonucleotides were synthesized at the DNA Synthesis Facility at the University of Michigan.
Bacterial strains. Strains BW841 (Asox-8::cat) and BW840 (soxS3::TnJO) contained prophage XIT1 (46) , which bears an nfo'-lacZ operon fusion. They were F+ derivatives of strains BW829 and BW803 (46) prepared by conjugation (27) with the F+ strain CR63 (4) at a donor/recipient ratio of 10:1; counterselection was for streptomycin resistance. The F+ phenotype was confirmed by cross-streaking a loopful of cells with a needle dipped in a suspension (109/ml) of the F-inhibited phage T7 and comparing the zones of killing after incubation. Strain BW856 had the same genotype as BW841, except that it bore a noninducible analog of prophage XIT1 isolated as a temperature-resistant derivative of the cI857 (Ts) ind mutant prophage XIT2 (46) . Noninducibility of the prophage was verified by exposure to UV light (41) ; strain BW856 showed an 18% increase in ,B-galactosidase activity 1 soxRS REGULON OF E. COLI 2865 tions both on its chromosome and on a pBR322-derived plasmid, was described previously ( (19) .
Nucleotide sequence accession number. The DNA sequence of the soxRS region ( Fig. 1) has been submitted to GenBank under accession number M60111. RESULTS DNA sequence. The Asox-8::cat mutation has a 1.7-kb deletion that was originally generated on a plasmid and then transferred to the chromosome. The mutation causes noninducibility of the sox regulon and paraquat sensitivity (46 (23) . In further confirmation of these results, the soxR4::cat mutation, which consists of a Tn9 segment inserted into soxR (46) , is predicted, from our sequence and that of Tn9 (1, 31) , to produce a 20.5-kDa fusion protein; a 21-kDa protein was previously observed (46) . The restriction sites indicated by the sequence are consistent with previous work (46) that placed it at 92.2 min on the current linkage map (5) and at 4357 kb on the physical map (25) of E. coli. The sequence has one EcoRV site, which is in soxS (nucleotide 292), and one KpnI site, which is in soxR (nucleotide 999). They correspond to adjacent sites on the physical map (25) . As predicted, there was an absence of recognition sites for BamHI, HindIlI, EcoRI, PstI, and PvuII. In addition to an expected BglI site (nucleotide 1041), the sequence contains an unexpected one (nucleotide 812) that may have been missed during physical mapping because of its proximity to the former.
Transcription. The 5' ends of the transcripts were mapped by primer extension (Fig. 2) , and the results are recorded in Fig. 1 . soxS and soxR mRNA each produced one major product when used as templates for reverse transcriptase. A minor band of material 6 nucleotides shorter than most of the soxS mRNA (Fig. 2, lane a) is of uncertain significance. It is unlikely to be a secondary start site because it is not properly distanced from any recognizable promoter sequence. In parallel lanes omitted from Fig. 2 , no soxS or soxR mRNA was detected in a strain lacking these genes (i.e., a Asox-8 mutant infected with M13 mpl9). soxR mRNA has two unusual features: it starts 218 nucleotides upstream of soxR, and it extensively overlaps soxS, which is transcribed in the opposite direction (Fig. 1) . The overlapping transcripts raise the possibility of coregulation.
Likely promoters were found near the transcriptional start sites (Fig. 1) . The putative soxR and soxS promoters have similarity scores (28, 29) them only at the 99% confidence level for u70 promoters among random segments of a sequence with this base composition. Low scores are typical of weakly expressed or positively activated genes (see Discussion).
The soxRS region contains no sequences strongly homologous to known binding sites for integration host factor (19) or for catabolite activator protein (54) . We could detect no similarities among the 5'-flanking regions of the sequenced paraquat-inducible genes, namely, soxS, nfo (36), or sodA (45) . Therefore, if there is a sox box, i.e., a consensus regulatory sequence for genes of the soxRS regulon, it is unlikely to contain a nondegenerate contiguous sequence of sufficient length to be detected by the computer algorithm.
Paraquat produced an increase in the soxS message in a strain carrying a pBR322-derived soxS plasmid (Fig. 2, lanes  a and f) . In separate experiments, this effect was also seen in cells carrying M13::soxRS plasmids. Therefore, soxS is inducible. Between the genes are two overlapping segments displaying dyad symmetry. One is an 18-bp palindrome, and the other has a stem-and-loop motif that would generate a 9-bp mRNA stem containing two G-U base pairs. The dyads are potential binding sites for regulatory proteins, e.g., a possible transcriptional activator of soxS or a possible transcriptional or translational repressor of soxR.
At the end of soxR is a region of dyad symmetry with poly(T) sequences at one end and poly(A) sequences at the other. Computer analysis (10) Proteins that were found to be similar to SoxS throughout its length were all of bacterial origin (Fig. 3) . Additional homologs (not listed) were proteins, from other bacteria, with functions identical to that of E. coli AraC (11) . SoxR and SoxS also showed homology to the predicted products of adjacent open reading frames (ORFs) in Tn917 of Streptococcus faecalis (40); SoxR had a 21% identity in a 116-amino-acid overlap with ORF5, and there was a 32% identity between a 50-amino-acid C-terminal segment of SoxS and a portion of ORF6.
From 17 to 49% of the amino acids in the aligned sequences (Fig. 3) were identical to ones at the same position in SoxS, and many others represented conservative substitutions by related amino acids. Although the sequences were selected by a computer algorithm on the basis of evolutionary relatedness of their amino acids, similarities persisted in a comparison based on chemical relatedness (Fig. 3) . Uncertainty about the significance of homologies of less than 30% are dispelled when one notes the following: (i) only a few small gaps are needed for optimum alignment; (ii) helix-turnhelix motifs, when present, are also aligned, and (iii) there are seven positions at which an amino acid in SoxS is also found in at least eight of its nine homologs (Fig. 3 , boldface type). Except for TetD, the other proteins in Fig. 3 Table 1 . Symbols: l, an amino acid identical to one in SoxS at that position; :, a functionally similar amino acid (groups are MILV, YWF, QNED, MILV, PAGST, and HKR); -, a gap of one amino acid introduced for alignment. Underlined segments are helix-turn-helix motifs with a >55% probability of being DNA-binding domains (17) . The first and last amino acids in each aligned segment are numbered, and length is shown as the number of amino acids in the whole polypeptide. Percent homology is that between the aligned segments only. for a region containing the soxR and soxS genes. The deletion extends from an HpaI site at nucleotide 35 of Fig. 1 to one about 250 nucleotides beyond the end of soxR. A Asox-8::cat mutant has an increased sensitivity to killing by paraquat, and its soxRS regulon is not induced by paraquat (46) . These defects were reversed in trans by M13 plasmids containing the 1.1-kb soxRS region shown in Fig. 1 . We then tested a series of plasmid deletion mutants in which the soxS or soxR gene was truncated (Fig. 4) . The only plasmids that fully complemented the Asox-8::cat chromosome were those whose deletions did not encroach on soxR or soxS. One such deletion terminated 9 nucleotides from the end of soxS, and another deletion terminated 6 nucleotides from the end of soxR. Truncation of soxS destroyed paraquat inducibility, even when the deletions fell far short of the soxR promoter region. Removal of 21, 28, or 47 nucleotides from the end of soxR led to a two-to fourfold constitutive overexpression of nfo'-lacZ and to its hyperinducibility (Fig. 4) . These results were consistent with previous findings (46) that insertions in or around the SmaI site or deletions to the right of it resulted in the constitutive phenotype. The constitutive deletion mutations (Fig. 4) did not extend into the region encoding the cysteines in SoxR. More-extensive deletion of soxR led to relative noninducibility, thus providing the first evidence that soxR is actually required for induction.
The phage-infected strains depicted in Fig. 4 were also tested for sensitivity to killing by paraquat. All of the soxS mutants, but none of the soxR mutants, had an increased sensitivity. Therefore, although both soxR and soxS were required for regulation of nfo, only soxS seemed to be needed for paraquat resistance, at least under the conditions of this experiment (see Discussion).
Plasmids with extensive soxR deletions still displayed a small amount of inducibility (up to twofold). We explored the possibility, suggested by the work of Brawn and Fridovich (9) , that this increase may be due to SOS-mediated induction of the A (D(nfo'-lac) prophage secondary to DNA damage produced by paraquat; they observed delayed induction of a damage-inducible gene. Prophage induction should increase ,B-galactosidase production by increasing gene copy number and activating read-through from the A PL promoter.
This possibility seemed unlikely because there was no significant induction of P-galactosidase activity in cells bearing soxS-deficient plasmids (Fig. 4) or in plasmid-free cells (.20%). Nevertheless, we repeated some of these experiments with strain BW856, which differed from that used in Fig. 4 only in that it contained a X 4(nfo'-lac) prophage whose replication was noninducible. The results were similar. We still found a small (30 to 90%) increase in P-galactosidase activity after paraquat treatment of cells whose plasmids had extensive soxR deletions and a sixfold increase in those with an intact plasmid. Therefore, under the conditions of our experiments, paraquat did not appear to evoke a significant SOS response.
sox-3::TnlO is a soxS mutation. The sox-3::TnJO mutation was produced by random chromosomal insertion of a miniTnJO transposon. It was found to be cotransducible with soxR and Asox-8::cat mutations, to specify noninducibility of the regulon, and to result in an increased sensitivity to superoxide generators (46) . These properties are consistent with the properties we now associate with a soxS mutant. In experiments similar to those in Fig. 4 , the noninducibility and paraquat sensitivity of strain BW840 (sox-3::TnJO) were fully complemented by soxS+ plasmids containing extensive soxR deletions, but not by ones containing soxS deletions (data not shown). Therefore, sox-3: :TnJO (soxS3: :TnJO) is an allele of soxS, and its previously described traits (46) must be interpreted in this new light (see Discussion).
DISCUSSION
The DNA sequence (Fig. 1) confirms earlier work on the proteins specified by intact and mutant sox plasmids (46) that indicated that the sox region contains divergently transcribed genes encoding a 17-kDa SoxR protein and a 13-kDa protein that is now designated as SoxS. Although some mutations affecting soxR complementation also affected the SoxS protein (46) , because of the orientation of the genes it was possible that the soxR promoter lay within soxS, an arrangement confirmed by the DNA sequence (Fig. 1) . Therefore, there was no previous direct evidence that soxS was involved in the superoxide response. This study provides such evidence in the form of the following observations. (i) The soxS3: :TnJO mutation, which specified paraquat sensitivity and paraquat noninducibility, was complemented by soxS+ plasmids containing extensive soxR deletions. (ii) soxS mutants displayed a phenotype (paraquat sensitivity) not found in soxR mutants. (iii) Partial deletions of soxS that were 78 or 108 bp distant from the soxR promoter resulted in noninducibility. (iv) soxS mRNA increased after paraquat induction. (v) SoxS is partly homologous to known regulatory proteins.
In this study, we used paraquat resistance and the paraquat-mediated induction of an nfo'-lac fusion as indicators of regulon function and showed that soxS was required for Fig. 4) . Therefore, either an increase in SoxS alone is not sufficient to induce nfo or constitutive production of SoxS is independent of copy number (via negative regulation). Thus, at present, we cannot dismiss the possibility that the only direct function of soxR might be to control soxS.
It was previously concluded that the soxRS region must exert a net positive control over the regulon because deletions rendered the regulon noninducible (22, 46) . Moreover, its control is probably exerted at the level of transcription because the nfo'-lac fusion used in some of these studies (46) was an operon fusion in which the lacZ gene was preceded by its own ribosome binding site. Consistent with these assumptions are the properties of proteins to which SoxS is similar (Table 1) . Except for TetD, the proteins are known to serve as positive regulators; they activate other genes in trans. AraC (37) , RhaR (44) , and MelR (49) (33) . This region has no counterpart in the much shorter SoxS protein. Its function may therefore be fulfilled by SoxR, a protein having four closely spaced cysteines that might be involved in conformational changes accompanying induction and that might even be a redox center that detects superoxide. Therefore, we speculate that SoxS is a regulator and SoxR is a sensor, but their roles may not be so simple. SoxR contains a helix-turn-helix motif that is as good a putative DNAbinding domain as that in SoxS. Thus, the two proteins may interact while bound to DNA. In two-component regulatory systems, the sensor protein is usually synthesized at much lower levels than that of the regulator (34) . In maxicell preparations, less SoxR was produced than SoxS (46), a probable result of a relatively weaker match between the soxR promoter and the C70 promoter consensus sequence and the higher frequency of rare codons in soxR. Unfortunately, we cannot estimate the relative amounts of soxS versus soxR mRNA from the data in Fig. 2 because different protocols were used for each. (Different procedures were required to optimize each primer extension past the secondary structures formed by the symmetrical sequences in the intergenic region.) The soxS promoter, though predicted to be better than that of soxR, is still outmatched by about 0.5% of random sequences. However, soxS appears to be inducible, and low similarity to a promoter site consensus is characteristic of positively activated promoters (28) .
The face-to-face arrangement of the soxR and soxS promoters provides opportunity for coordinate and even reciprocal regulation (for a review, see reference 6). Convergent transcription may inhibit the expression of the gene with the weaker promoter (38, 48) , perhaps via steric interference between RNA polymerase molecules moving in opposite directions. Therefore, as soxS transcription is induced, we may expect the transcription of soxR to decrease. However, in repetitions of the experiment in Fig. 2 (46) .
